Summary. Current techniques aiming to study heterogeneous atmospheric chemistry under realistic conditions are often subject to restrictions caused by the low amount of processed material, the complex composition of gas and condensed phases and interference issues. The use of the short-lived tracer 13 N enables laboratory experiments pertaining to the atmospheric chemistry of nitrogen oxides to be performed at extremely low concentrations, ambient humidity and pressure.
Introduction
Whereas atmospheric chemistry had been mainly dealing with gas-phase processes over the past 50 years, it has become clear over the past ten years, that the major remaining gaps of knowledge lie in heterogeneous chemistry in order to adequately describe the cycling of the most important trace constituents, the global and local ozone budget and the aerosol cloud climate interactions [1] . Our knowledge on heterogeneous chemistry, which in this context addresses all interactions between the gas-phase and condensed phases such as solid and liquid aerosols, clouds and ground surfaces, is still insufficient [2] . Because of the complexity of the systems involved, adequate results of laboratory experiments are only obtained if the experimental conditions can be compared to the real world. If we think of a reaction *E-mail: markus.ammann@psi.ch involving all molecules covering the surface of aerosol particles of 0.1 µm in diameter typically present in 1 m 3 of air, about 10 −9 Moles are processed. This means that only the most sensitive analytical techniques can be used in experiments performed at atmospheric concentrations of the trace gas involved. In many cases, reactions are affected by physical or chemical interactions of other species not directly involved in the reaction itself. For instance, water adsorbed on solid particles or partially dissolving highly soluble species on or within particles may be a key component in the reactivity of aerosol constituents with trace gases [3] . However, many of the very sensitive and highly specific analytical tools interfere with the presence of water either due its high vapour pressure with respect to vacuum systems or due to its strong absorption in the infrared imposing problems when IR spectroscopy methods are used.
While many experimental techniques have been developed and continue to be further improved in view of the many problems, as shortly addressed above [2] , it turns out that the use of short-lived radioactive isotopes may be an exceptionally ideal tool for studying heterogeneous reactions in the laboratory [4] . Especially those radionuclides, which decay by emission of γ -rays, are ideal for studying the exchange of molecules with surfaces in complex environments. Among these, positron emitters have been widely used to trace labelled molecules in space and time, such as in positron emission tomography (PET), e.g., in medical applications. To our knowledge, only very few studies have used short-lived radioactive tracers for gas-solid or gasliquid interactions. As an example, the spatial distribution of intermediates and products during catalytic conversions has been obtained using the positron emitting nuclides 11 C, 15 O and to some extent 13 N [5] . The advantage of using short-lived nuclides is the very high activity to concentration ratio so that reactions or adsorption may be studied at arbitrarily low concentrations, provided that the tracer is available in at least almost carrier free form. These features allow experiments, e.g. with aerosol particles in air suspension at humidity comparable to the real atmosphere. The disadvantage is that chemical information about reactant and products must be obtained by radiochemical separations and has to be checked by conventional methods.
The use of 13 N in tracer studies is not so widespread as is the case for 11 C. Parks et al. [6] suggested to use the reaction 16 O( p, α) 13 N in a high pressure oxygen target to produce 13 N-labelled atmospheric nitrogen species. Sajjad et al. [7] investigated the excitation function of this reaction in more detail. Routine production of 13 N has been implemented in many PET facilities.
During the past ten years, a facility for the on-line production of 13 N labelled oxidised nitrogen compounds has been implemented at Paul Scherrer Institute [8] . Oxidised nitrogen compounds and their surface chemical reactions have been of interest in atmospheric chemistry and environmental technology.
13 N (T 1/2 = 10 min) has been produced via the reaction 16 O( p, α) 13 N in a gas-target irradiated by 11 MeV protons and continuously delivered to the laboratory in the form of 13 NO. To date, 13 N-labelled NO 2 , HNO 2 , HNO 3 , have been synthesised and applied in various experiments pertaining to surface catalysis [8, 9] , aerosol science [10] , plant physiology [11] , and heterogeneous atmospheric chemistry [4, 12, 13] .
The applications pertaining to atmospheric chemistry require a continuous and stable source of 13 N. Due to the short lifetime of 13 N, most experiments have been performed on-line which also means that all labelled species must have been produced from the primary species, 13 NO, in continuously working procedures. In the following, an improved target and flow-system setup for 13 NO production is described which resulted from the applications mentioned above. Some attention will be given to the synthesis and radiochemical separation of nitrogen oxide molecules of practical interest. A newly developed system to separate and detect gas-phase as well as particulate labelled nitrogen oxide species is described. In a second part, the application of these techniques will be described in two selected experiments of atmospheric interest. Fig. 1 gives an overview of the overall flow scheme used. 13 N (T 1/2 = 10 min) was produced via the reaction 16 O( p, α) 13 N in a gas-target by irradiating 16 O with 11 MeV protons. At this energy, the cross-section of this reaction is 55 mb [7] . The target itself consisted of a quartz cylinder (3.6 cm inner diameter) in an aluminium housing, which could be attached to the low-energy beamline of the Philips Cyclotron at Paul Scherrer Institute. The entrance and exit windows consisted of aluminium (0.02 cm thickness). Behind the exit windows, a graphite block was used as beam stop. The housing was isolated to allow control of the beam intensity on the target. The target was kept at a pressure of 2.5 bar and continuously flushed with 10 to 20% O 2 (99.9995%) in He (99.9999%) as carrier gas with a total flow rate of 5 cm 3 s −1 STP. The proton energy of the beam was adjusted to 12.8 MeV, with typically 1 µA intensity. Considering the energy loss in the Al window of 1.6 MeV and in the target gas of 0.016 MeV/cm, the proton energy in the middle of the gas target was expected to be 11.1 MeV.
Experimental
It was expected and confirmed in preliminary experiments that under the influence of radiation chemistry in the gas target, 13 N rapidly forms highly oxidized and reactive forms of nitrogen oxides. Because these were presumably affected by wall losses and not favourable for long-distance transport through gas-capillaries, they were chemically con- 13 N production and delivery system consisted of the target, the molybdenum converter, the transport capillary, and the distribution valves in the laboratory. The pressure was kept constant by a pressure regulator mounted at the He/O 2 supply. The drawing of the target also shows the collimator between the gas-target and the beam-line to facilitate beam adjustment. verted to 13 NO over molybdenum at 500 • C. A quartz tube (0.8 cm i.d.) was filled with 5.5 g of small chips of 0.02 cm thick Mo foil and placed into a tube furnace. The gas target was connected to the tube furnace by 5 m of 0.2 cm i.d. polyethylene tubing. This conversion of primary 13 N species to 13 NO was key to achieving high overall 13 N yields in the laboratory. The same tube was used to transport the resulting gas-mixture to the 80 m distant laboratory (Fig. 1) . The transport capillary and the target were additionally contained in a larger tube and a glove box, respectively, which was kept at a pressure slightly below ambient and flushed by Ar (99.998%) to minimise diffusion of impurities through the polyethylene tube walls into the gas going to and coming from the target.
In the laboratory, the gas mixture coming from the target area containing 13 NO was passing a NaI detector on which the amount of 13 N-labelled molecules passing by per second was determined on-line during the experiments. A 45 cm long 0.4 cm i.d. polyethylene tube was coiled around the cylindrical NaI detector head 7.5 cm in diameter. The efficiency of this configuration was calibrated prior to the experiments by filling the tube with a known amount of 18 F in aqueous solution and measuring the resulting counting rate at 511 keV on the detector. Both, 13 N and 18 F decay through positron emission leading to 511 keV annihilation γ -radiation. After this 13 N flow monitor, the gas was fed into up to three experiments by means of three calibrated mass flow controllers (Fig. 1) . A fourth mass flow controller was used to maintain the constant overall mass flow rate through the target and gas capillary. This allowed simultaneously operating three independent on-line experiments each with an adjustable fraction of the amount of 13 NO available. 13 NO was oxidized to 13 NO 2 by reacting it with O 3 in a small flow reactor. Typically 0.5 cm 3 s −1 of the target gas was diluted with synthetic air or N 2 to 8.3 cm 3 s −1 . In most experiments carrier 14 NO (the presence of the stable isotope 15 N is not mentioned any further throughout the paper) was added from a certified cylinder containing 1 ppm NO in N 2 using a calibrated mass flow controller to give total NO concentrations of 0.1 to 100 ppbv (10 9 to 10 12 cm −3 ). A small flow of synthetic air was passed through a quartz tube irradiated by a Xe excimer lamp delivering UV light at 172 nm, which results in the formation of O 3 . The two gas flows were mixed in the flow reactor of 1000 cm 3 volume. By varying the light intensity, the O 3 concentration could be adjusted to the concentration of NO, so that no O 3 was left after complete oxidation of NO to NO 2 in the flow reactor. The second method to produce 13 N-labelled NO 2 was based on the oxidation of NO over solid CrO 3 [14] . In this case, the target gas was diluted as before and then humidified by passing the gas flow through a vertically mounted 0.5 cm i.d. porous Teflon tube partially immersed in water. By varying the water level, the resulting humidity measured by a capacitance humidity sensor could be adjusted to between 30 and 70% relative humidity at ambient temperature. The CrO 3 surface was prepared by immersing firebrick granules 0.4 cm in diameter into a 17% aqueous CrO 3 solution and drying at 105
• C in air. Before use, the granules were exposed to ambient air for 24 hours for conditioning. The humidified gas flow passed over the CrO 3 on firebrick support in a small glass cylinder resulting in complete conversion of NO to NO 2 . If the experiment required 13 NO 2 in dry air, the first method was used, whereas in most other experiments, the second method was used. HNO 2 was produced by reaction of NO 2 with n-(1-naphtyl)diethylenediamine-dihydrochloride (NDA). This compound forms part of the Saltzman method to determine the NO 2 concentration in a gas by scrubbing it into an acidic solution and photometrical detection of the resulting nitrite [15] . A glass fiber filter was impregnated with 100 µl of a solution of 1% NDA and 10% water in methanol and dried in N 2 . Passing 13 N labelled NO 2 in air at 30% relative humidity over this impregnated filter resulted in nearly complete conversion of NO 2 to HNO 2 during a reasonable time period; however, the filters had to be frequently exchanged for longer experiments.
HNO 3 was produced through reaction of NO 2 with OH radicals. NO 2 in dry N 2 (containing about 1% O 2 from O 3 production for NO to NO 2 oxidation) was humidified to between 5 and 25% relative humidity by passing the gas flow through a 2 cm long 0.5 cm i.d. porous Teflon tube completely immersed in water contained in a small glass container. In contrast to the humidifier mentioned above, this container was immersed in a thermo stated alcohol bath adjustable between −20 and +30
• C to obtain a lower range of humidity. The resulting gas flow then passed through a 0.8 cm i.d. quartz tube irradiated with 172 nm UV light. At this wavelength, photolysis of the H 2 O/O 2 /N 2 mixture leads to OH and HO 2 radicals as well as O 3 , the concentration of each of which depends on humidity, O 2 content and light intensity [16] . Photolysis of NO 2 is not important compared to the rate of reaction with OH under the conditions adopted here. This configuration resulted in an about 70 to 90% conversion of NO 2 to HNO 3 which was controlled in all experiments by switching the UV lamp on and off, and observing both NO 2 and HNO 3 . The conversion efficiency depended mainly on the light intensity, and less on the humidity, because the reaction of NO 2 with OH was presumably limited by the short lifetime of OH in the small flow tube.
Chemical information on the labelled molecules was obtained from sequential separations over specifically coated surfaces. The traps exposing these surfaces were designed as cylindrical or parallel plate denuders that additionally allowed separating gas phase from particulate species [17] . In a denuder, the gas passes with a laminar flow profile and molecules capable of being taken up on the coated wall are absorbed on the wall controlled by lateral diffusion [18] . On the other hand, due to their much lower diffusion coefficients, particles penetrate the denuders with close to 100% efficiency with small losses being mainly caused by impaction in the turbulent entrance zone. The denuder coatings were partially adopted from analogous solutions for the separation and analysis of nitrous gases in the environment [19] [20] [21] . For HNO 3 , the denuder walls were first wetted with a saturated solution of NaCl in methanol and then dried in N 2 . For HONO, the denuder walls were first wetted with a 1.4% solution of Na 2 CO 3 in 50% methanol/water and subsequently dried in N 2 . Prior to use, this denuder was conditioned by exposing it to 100 ppb NO 2 in air at 30% relative humidity for about 1 hour. It could then be used during several days. For NO 2 , the coating solution consisted of 1% NDA, 1% KOH and 10% water in methanol solution, again dried in N 2 . For NO, a saturated aqueous solution of Co(NO 3 ) 2 was applied on the denuder surface, which was then first dried in air at 70
• and afterwards baked in O 2 for 1 minute at 700
• C. At NO concentrations in the ppb range, this denuder quantitatively absorbs NO for about 8 hours. To regenerate the surface, the denuder was heated to 380
• C for 1 hour to desorb the trapped NO x species. If the denuders described above were used in this sequence, the assignment of molecules absorbed in each denuder is specific, i.e., HNO 3 , HONO, NO 2 , and NO, respectively. Particulate 13 N species, if applicable, were measured by mounting a glass fiber filter at the end of the denuder line.
In conjunction with a reproducible and efficient detection of 13 N labelled molecules trapped in the denuders or the filter, several geometric configurations had been evaluated. Previous experiments had used cylindrical glass denuders coiled around cylindrical NaI detector heads as described in [12, 13] . The disadvantage of this system with one detector for each denuder was that the detection efficiency had to be determined for each individual denuder with an inherent error resulting in a not very high mass balance quality when in an experiment one species was converted to another. Therefore, the system described in the following was de- Fig. 2 . In the denuder and detection system, gas-phase species are absorbed on the specifically coated denuder plates by diffusion, whereas particles penetrate with nearly 100% efficiency to the particle filter. The coincident counting configuration allows quasi-online measurement of the activity distribution on the denuder plates, or on chromatographic columns (not shown).
veloped, which allowed detection of the activity at all denuders with identical efficiency. This system, shown in Fig. 2 , was essentially a narrow, 60 cm long flow tube with a rectangular cross section (inner dimensions 0.1 cm × 2.6 cm). The denuder walls consisted of 5 pairs of 12 cm long aluminium plates (0.2 cm thick) separated by small Teflon liners on both sides. The plates were mounted into an aluminium housing which included a jacket for thermostating as well as an inlet designed to allow the laminar flow profile to be rapidly established. For each experiment, the denuder plates were coated according to the specific requirements. In the denuder mode, this system was used to separate gas phase from particulate nitrogen oxide species. In the flow tube mode, the first plate was used as substrate for a reactive material exposed to labelled NO 2 , and the following plates were used to analyse the products. In both cases, this parallel plate flow tube/denuder system was mounted onto a linear motion device on which a stepper motor was used to move a pair of BGO-detector heads (3 cm in diameter) mounted face to face with a gap of 3.5 cm along the denuder system. The annihilation of the positron emitted in the decay of 13 N leads to emission of two coincident γ rays in opposite directions. Therefore, the output of each detector operated at 800 V was wired to a timing filter amplifier and constant fraction discriminator, and combined to a coincident counting unit with a logical 'and' unit. This allowed the determination of the spatial distribution of 13 N along the denuder system or thermochromatography columns with very low background noise. The device was moved continuously along these columns or denuders, and counts were integrated and recorded with a resolution of 0.5 cm. The system was calibrated by coating one of the denuder plates with a known amount of a calibrated aqueous 18 F solution, before the experiments were started.
Parallel to the radiochemical separation and detection, total nitrogen oxide concentrations were determined in all experiments using commercial NO x chemiluminescence analysers giving NO and NO 2 concentrations in their standard configuration. More details about the nitrogen oxides measurement are given in [13] . Ozone concentrations were determined using a commercial ozone analyser using a UV absorption technique.
Results and discussion

Performance of 13 N production
The system as described above had been continuously developed and improved during several beam-times since 1991. Typical beam time periods lasted about 120 hours. At the start of each beam time, the half-life of the nuclides transported to the laboratory was determined to control the production of 13 N. For this purpose, the gas flow coming from the target was accumulated on the denuder specific for NO for about 1 hour, and decay of the activity was observed during another 2 hours. The average half-life obtained was 10.11 ± 0.20 min, close to the published value of 9.97 min [22] . Several unsuccessful attempts were made to accumulate activity and observe its decay over longer time-scales to assess any contribution of 18 F with a half-life of 110 min [22] . Although the cross section of the reaction 18 
O( p, n)
18 F is about 150 mb at 12 MeV [23] , the contribution of this reaction to the observed activity remained low because the fraction of 18 O in the irradiated O 2 was only 0.2%. When the molybdenum converter heating close to the target was switched off, which resulted in an efficient absorption of all nitrogen oxides on Mo, a very small amount of activity could be trapped in the basic denuder for NO 2 absorption, with a half-life of 20 min. This activity was attributed to 11 C [22] , which was presumably transported in the form of 11 CO 2 , being able to pass the Mo converter at room temperature. Under the conditions in our target, the contribution of the reactions 16 O( p, αpn) 11 C (cross section < 1 mb at 11 MeV [23] ) to the production of 11 C should be negligible. Instead, the main source of 11 C seemed to be the reaction 14 N( p, α) 11 C (cross section 126 mb at 12 MeV, [24] ) from N 2 impurities present in the gas supplies. The fraction of 11 C in the product gas was always less then 0.1% as determined from chemical separation experiments not shown here, and also during the application experiments, in none of the traps any significant 11 C activity was observed. Several more experiments with the Mo converter showed that the maximum 13 NO yield was obtained at 500
• C. This was an indication that the most prominent stable species formed in and after the target was a higher oxide of nitrogen than NO 2 , because NO 2 and HONO are already reduced to NO over Mo at 350
• C [25] . From earlier thermochromatographic studies of products from a similar target and without a Mo converter in line [9] it was concluded that HNO 3 might be the dominant species, and the experiments by Parks using a high purity high pressure O 2 gas target also indicated the presence of HNO 3 . It is likely that OH, O and HO 2 radicals and O 3 were formed in the target gas under proton irradiation. These radicals might then combine with NO, NO 2 13 N reaction of 55 mb [7] at 11 MeV, a production rate of 5 × 10 7 s −1 is expected at 1 µA proton current. From the activity measurements with the calibrated target gas monitor in the laboratory at the end of the transport capillary, a 13 N flux of typically 10 7 s −1 was derived, corresponding to an activity of about 2 × 10 3 Bq cm −3 . It usually increased slightly during the first 12 hours and remained constant at this level afterwards. The initial slow increase was ascribed to a passivation of the surfaces to which H 13 NO 3 is exposed in and behind the target. The production rate depended linearly on the oxygen content in the target gas and on the beam current. The estimated overall transport yield of about 20% seemed reasonable when considering the 5 m long polyethylene tubing between the gas target and the Mo converter and the fact that HNO 3 exhibits significant retention along most surfaces [26] . This transport yield was remarkably constant over many beam times. As the presence of 11 C was an indication of 14 N 2 impurity in the irradiated gas mixture, it is also not surprising that 14 N oxide species were formed in this system providing a source of carrier NO (after reduction in the Mo converter). The concentrations of NO in the target gas measured by the chemiluminescence detector reached about 30 ppbv, which was lower than the levels observed by Parks. However, in that study, the proton beam intensities were higher (10 µA), and the N 2 impurity levels might have been different. The amount of carrier NO was also reproducible and did not significantly depend on the individual gas cylinders used to supply He and O 2 . However, whereas the production rate increased with the oxygen content, the amount of carrier NO decreased (Fig. 3) . The reason for this is not clear: if the main source of N 2 in the system was not an impurity associated with the O 2 supply, it seems that oxygen was quenching in some way the radical reactions leading to oxidised nitrogen compounds. For the applications in atmospheric chemistry, where low NO x concentrations were required, the system was operated as described in the experimental part, i.e. 20% O 2 in He, giving higher 13 N/ 14 N ratios.
The performance of the 13 N production facility was remarkably constant and reproducible with respect to transport yield, carrier NO content and stability over several beamtimes. This was a prerequisite for a successful development of the experimental approaches detailed below.
Applications
Reversible adsorption of NO 2 on NaCl
In the atmosphere, NaCl is the main constituent of sea salt aerosol generated via sea spray on the oceans and representing a very important aerosol material of the troposphere. Heterogeneous processes involving nitrogen oxides are slowly depleting chloride in the sea salt aerosol by forming nitrates on the aerosol and HCl in the gas-phase. Several studies have also addressed the reaction of NO 2 with sea salt and NaCl alone (e.g., [3] ). In the example shown here, the interaction of 13 NO 2 with NaCl was investigated using thermo chromatography, a technique described in more detail by Eichler et al. [27] , in which the surface material of interest configured as stationary phase of a chromatography column is exposed to a temperature gradient, while a carrier gas is continuously passing the column. For this experiment (shown in Fig. 4) , a smooth and transparent NaCl film was prepared by wetting a 4 mm i.d. quartz tube with molten NaCl at 800
• C and subsequent cooling at a slow rate. 13 NO 2 in air as carrier gas was fed to this NaCl column in the temperature gradient (300 K to 80 K) during 30 min. The column was then removed from the apparatus, immersed in liquid nitrogen, before the activity distribution along the column was measured. The symmetric peak shown in Fig. 4 confirmed that reversible adsorption was the main process governing migration of 13 NO 2 along the NaCl surface. For this particular experiment, an adsorption enthalpy Fig. 4 . In this thermochromatography experiment, a quartz column coated with NaCl was exposed to a flow containing 13 NO 2 in a temperature gradient (solid line, right axis), with the gas flowing from the warm to the cold end. After the experiment, the activity distribution was measured (bars, left axis). A molecular sieve trap at the end of the coating was used to trap all 13 N species not retained in the column.
of 28 kJ mol −1 was derived based on an evaluation procedure as described in detail by Eichler et al. [27] . The experiment also allowed estimating an upper limit to the reaction probability, γ , of NO 2 with NaCl, which is defined as the fraction of total gas kinetic collisions of NO 2 with the surface that result in irreversible loss on the surface. This would lead to a homogeneous distribution of activity along the NaCl surface. From the small amount of activity (not visible in Fig. 4 ) accumulated between the entrance of the NaCl column and before the peak assigned to reversible adsorption, γ was estimated to be about 5 × 10 −8 in the temperature range from 200 to 300 K. This is the collision-based probability that a surface nitrate is formed from NO 2 . This is a very slow process and is not very effective in converting NaCl into NaNO 3 . However, in the atmosphere, on real sea-salt particles and with higher humidity and other constituents, the reactivity may significantly increase [3] . Nevertheless, the experiment shown provides a very powerful means of addressing reversible and irreversible processes at the same time. The method is also directly applicable to a realistic sea salt surface prepared from ocean water, or any other surface of atmospheric interest, e.g., ice [28] .
Reaction of HNO 3 with sea salt aerosol particles
The most important process removing nitrogen oxides from the atmosphere is the oxidation of NO 2 by OH radicals and subsequent scavenging and deposition of HNO 3 by aerosol particles, rain and snow. Thereby, the uptake of HNO 3 on aerosol particles is a key process [29] , and the kinetics has not been well established for atmospheric aerosol particles. In addition, in contrast to the reaction of NO 2 , the reaction of HNO 3 with sea-salt is indeed very effective in converting sea-salt chloride into nitrate.
For the experiment presented here, a small flow reactor consisting of a 0.8 cm i.d. Teflon tube was attached in front of the denuder and detection system (Fig. 2) . At the entrance of this tube, a flow containing sea salt aerosol particles was mixed with the flow containing 13 N labelled HNO 3 . The aerosol was generated from nebulising a synthetic aqueous sea salt solution in air. Aerosol conditioning and characterisation are described in detail in [13] . The particle size distribution was lognormal with a maximum at about 150 nm. The particle generation could be switched on and off, without affecting the flow rates. The length of the flow reactor determined the interaction time between HNO 3 and the aerosol of typically between 0.2 s and 2 s.
During the experiment, the activity distribution along the denuder system was scanned every three minutes. Fig. 5 shows scans recorded during a typical experiment and also the distribution of the denuder coatings used. The experiments were started with the UV lamp to convert NO 2 into HNO 3 switched off, and the activity is concentrated on the coating specific for NO 2 . In these experiments, also some O 3 was present leading to a more rapid deactivation of this coating, so that the NO 2 peak was relatively broad and moved slowly along the plate with time. The coating was replaced frequently enough to avoid any losses.
After about 30 min, the UV lamp was switched on, converting nearly all NO 2 to HNO 3 , leading to an increase Fig. 5 . During the HNO 3 -aerosol experiments, the denuder system was continuously scanned to derive the amount of 13 N associated with each species absorbed on the plates as indicated on the upper horizontal axis. The lower curve shows the distribution for NO 2 alone, the middle curve after the UV lamp had been switched on to convert NO 2 into HNO 3 , and the upper curve after the aerosol had been switched on.
of activity on the coating specific for HNO 3 and a decrease where NO 2 was absorbed before (middle curve in Fig. 5 ). The width of the HNO 3 activity peak was consistent with removal of HNO 3 from the gas-phase controlled by diffusion: for the present geometry and volumetric gas flow rates, more than 95% of the HNO 3 molecules should have reached the wall within a length of 3 cm along the denuder plates, assuming that every molecule hitting the wall was taken up [17] . This diffusion controlled transport to the denuder plates also defines the characteristic time of exposure of HNO 3 (g) to the particles after the end of the flow reactor of around 30 ms, which was added to the interaction time given by the geometry of the flow reactor.
Another 30 min later, the aerosol was switched on. The activity at the position of the particle filter increased (upper curve in Fig. 5 ) whereas the activity associated with gasphase HNO 3 decreased. The changes in both signals are the signatures of the reaction proceeding in the flow reactor.
For an experiment as shown, the integrals of the peaks for each species, j, were calculated for each scan, i, performed every 3 min. From the difference of two consecutive activity measurements, i and (i − 1), the saturating activity, A j , which is equal to the total amount of 13 N-labelled molecules being absorbed at its specific denuder plate per unit time, was calculated for each species using
where α ij is the activity (radioactive decays per second) at time t i for species j and ∆t i = t i − t (i−1) . λ is the decay constant of 13 N (λ = 0.00116 s −1 ). Fig. 6 shows the result of this data evaluation for a typical experiment, clearly showing the sharp changes associated with switching on the UV light and the aerosol particles, respectively. Assuming negligible kinetic isotope effects, the activities as displayed can be converted to the total concentration of each species, i.e., the concentration of labelled and non-labelled molecules, by correcting for the volumetric gas flow rate and the ratio of labelled to non-labelled molecules. This ratio was derived from the activity associated with 13 NO 2 on the denuder and the measurement of NO 2 with the chemiluminescence detector sampling from the gas prior to entering the UV lamp and the flow reactor. In the case shown in Fig. 6 , the initial NO 2 concentration was 1.55 × 10 11 cm −3 (6.3 ppb), so that the ratio of labelled to non-labelled molecules was 4.6 × 10 −7 . From that, a HNO 3 concentration of 1.40 × 10 11 cm −3 (5.7 ppb) was derived. The concentration of particulate species derived from the reaction (presumably surface nitrate) was 2.80 × 10 10 cm −3 (11.4 ppb), which was about 20% of HNO 3 (g) admitted to the flow reactor. In this particular experiment, the aerosol surface to volume ratio was 1.67 × 10 −4 cm 2 cm −3 , so that the amount of products on the aerosol surface was 1.40 × 10 14 cm −2 . This was clearly below a formal monolayer, so that secondorder or saturation effects did not affect the result.
Considering the effective length of the flow reactor of 16 cm for the experiment shown, the actual aerosol-HNO 3 (g) interaction time was 0.89 s. A mass transfer calculation as described in [30] was used to calculate the reaction probability, γ , which is the probability that a collision of HNO 3 (g) results in irreversible uptake onto the particles. This calculation takes into account the size distribution of the aerosol, gas-phase diffusion of HNO 3 , and classical gaskinetic theory to calculate the collision frequency. A value of γ = 0.07 was derived from several measurements like that shown in Fig. 6 . This value lies in the range to be expected from studies on bulk NaCl surfaces [31] . A more detailed discussion of this kinetics, and the implications for the mechanism of HNO 3 uptake to sea-salt aerosol particles is beyond the scope of this paper and will be discussed elsewhere.
This experiment illustrates the capability of the 13 N tracer technique for the investigation of gas-aerosol reactions at concentrations where the amount of processed reactants would be too small for most classical analytical tools. The kinetics of these reactions can be observed with a time resolution of below 100 ms, which is sufficient for most problems of atmospheric relevance. The detection limits are not affected by the most important environmental parameters in these systems, i.e., pressure, temperature, and humidity.
